Hybrid male sterility genes are important factors in creating postzygotic reproductive 2 isolation barriers in plants. One such gene, S25, is known to cause severe transmission 3 ratio distortion in inter-subspecific progeny of cultivated rice Oryza sativa ssp. indica 4 and japonica. To further characterize the S25 gene, we fine-mapped and genetically 5 characterized the S25 gene using near-isogenic lines with reciprocal genetic 6 backgrounds. We mapped the S25 locus within a 0.67-1.02 Mb region on rice 7
INTRODUCTION 18
Hybridization between genetically divergent populations and species often produces 19 hybrid offspring with reproductive abnormalities such as hybrid inviability or hybrid 20 sterility. These phenomena play pivotal roles in speciation by acting as postzygotic 21 reproductive isolation barriers. Two major genetic elements, duplicated genes and 22 gamete killers (including egg killers and pollen killers), are known to be involved in 23 hybrid sterility. Reciprocal loss of duplicated genes between two species (including 24 gene transposition as a similar mechanism) has been reported to be the cause of hybrid 25 sterility in Drosophila (Masly et al., 2006) , Arabidopsis (Bikard et al., 2009) , and rice 26 (Mizuta et al., 2010 , Yamagata et al., 2010 . Duplication of genes essential for 27 reproductive development allows subsequent loss of one copy without any reduction in 28 fitness, and reciprocal gene loss of both species leads to hybrid sterility. This is a logical 29 and simple mechanism that can lead to hybrid sterility. On the other hand, the genetic 30 basis of gamete killers is not so simple. Gamete killers are selfish genetic elements that 31 kill non-carrier gametes in heterozygous hybrid progeny. Initial examination of the 32 genetics of gamete killers suggested that this phenomenon was caused by a simple 33 allelic interaction at single heterozygous locus; however, the molecular mechanism is 34 far more complex than expected. Some examples include the t-complex in mice (Lyon, 35 2003) , Segregation distorter (Sd) in Drosophila (Larracuente and Presgraves, 2012) , 36 and egg killer in rice (Yang et al., 2012) . All three of these examples involve a complex 37 interaction between multiple genes located within the same chromosomal region. 38
Since rice improvement is largely dependent on cross breeding, hybrid sterility 39 is considered a critical issue for breeding programs using remote relatives. Seven 40 species are known in the Oryza sativa complex (also known as AA genome species) that 41 includes two cultivated rice species (Asian rice O. sativa and African rice O. 42 glaberrima) and five wild relatives (O. rufipogon, O. barthii, O. glumaepatula, O. 43 6 used AIS84 (BC3Fn) and IAS73 (BC2Fn), CSSLs carrying substitution segments of 88 chromosome 12 with the Asominori and IR24 genetic backgrounds, respectively. These 89 two lines were backcrossed with their recurrent parents, and S25 heterozygous plants 90
were phenotypically evaluated and genetically analysed. Fine mapping of S25 was 91 performed using F2 and F3 selfed progeny of Asominori//AIS84/Asominori (N = 3334). 92
Genotype frequency at the S25 locus was assessed by using seedling leaves from the 93 self-pollinated progeny of each plant heterozygous for S25. All plant materials in this 94 study were grown under paddy field conditions in 2009-2015 in Mishima, Japan, where 95 both parents produced fertile pollen (> 90%). 96
97

DNA analysis 98
For DNA marker genotyping, crude DNA extracts from individual leaves were 99 prepared using 0.25 M NaOH followed by neutralization with 0.1 M Tris-HCl (pH 8.0). 100
These DNA extracts (1.0 µl) were used in PCR reactions (10-µl final volume) 101 performed using GoTaq polymerase (Promega, USA) with the following cycling profile: 102 94˚C for 2 min; followed by 30 cycles of 94˚C for 20 s, 56−60˚C for 20 s, and 72˚C for 103 30 s. The PCR amplicons were separated in 2.0% agarose gels, and the resulting gel 
Scoring fertility 124
Pre-flowering spikelets were collected from each individual in the population 125 and were fixed and stored in 50% ethanol solutions to evaluate pollen fertility. Pollen 126 extracted from anthers was stained with 1.0% iodine-potassium iodide (I2-KI) on glass 127 slides, and the pollen fertility of more than 400 pollen grains from each individual was 128 evaluated by light microscopy. Stained pollen grains with a normal size were counted as 129 fertile, unstained small pollen grains were counted as sterile. In addition, ethanol-fixed 130 pollen grains were stained with hematoxylin solution as described by Kindiger and 131 Beckett (1985) in order to investigate the morphology of mature pollen grains. To assess 132 seed fertility, we collected three panicles with fully ripened grains from each plant and 133 counted the numbers of filled and unfilled spikelets. Seed set was defined as the 134 percentage of filled grains relative to the total number of filled and unfilled grains. 135
136
RESULTS 137
Fine-mapping of S25 138
Heterozygous introgression of S25 from IR24 in the Asominori genome induces pollen 139 semi-sterility and selective abortion of the male gametes bearing Asominori alleles for 140 S25 (S25-j), but homozygotes for either allele do not show any notable phenotype in 141 pollen development ( derived from a backcross of AIS84 with Asominori. In the segregating population, we 148 found an individual plant (#13-19) that carried a small heterozygous segment near the 149 S25 region (Fig. 2) . Pollen of heterozygous progeny of the #13-19 plant were 150 semi-sterile, indicating that the small segment harbored the S25 locus. Together with the 151 results of the other recombinants including #2-89 and 83-6, the S25 locus was mapped 152 within a 359-kb region between marker loci 12c066-12c102 (665-1024 kb of9 chromosome 12) (Fig. 2) . No recombination was observed between the 12c070-12c093 154 loci in the population we used. The candidate region for S25 contained 55 putative 155 protein-coding genes and 7 transposable elements (Fig. 2) . Remarkably, there are five 156 tandem copies of genes in the WRKY genes, six tandem copies of LTP genes, and two 157 tandem copies of other genes were found in the candidate region. These genes may be 158 good candidates for the S25 gene because gene duplication is a potential source of 159 sequence diversification leading to functional differences. 160
161
Influence of genetic background on the S25 phenotype 162
For further characterization of S25, we investigated the effect of genetic background on 163 pollen sterility due to S25. To evaluate the pollen phenotype of S25 in the indica 164 background, IAS73, a CSSL carrying a homozygous japonica segment around S25 in 165 the IR24 background (Kubo et al. 2002) was backcrossed with IR24, and the obtained 166 F1 plants heterozygous for S25 were evaluated for pollen and seed fertility. Unlike the 167 pollen fertility in the japonica background, pollen from the heterozygous S25 had good 168 fertility in the IR24 genetic background (Fig. 1B) . Segregation of selfed progeny of the 169 F1 (IR24/IAS73) was not significantly different from a Mendelian segregation ratio 170
(1:2:1) for the S25 locus. In this IR24 background population, the frequency of the S25 171 japonica homozygote recovered to 15.6-24.1% (Table 1 As mentioned above, we found contrasting effects of S25 on pollen fertility by using 179
NILs with reciprocal genetic backgrounds, i.e., a noticeable phenotypic effect of S25 in 180 the japonica background but little to no effect in the indica background. We next 181 assessed the phenotypic effects of S25 on the first-generation of the Asominori/IR24 182 hybrid. To do that, we compared the pollen fertility of the F1 hybrid of Asominori/IR24 183 with that of other F1 hybrid plants homozygous for the S25 locus (Asominori/IAS73). 184
The pollen fertility of the Asominori/IR24 hybrid was 66%, whereas that of the 185 S25-homozygous F1 hybrids was partially but significantly restored (84%) (P < 0.001) 186 (Fig. 3) . Based on the difference between these pollen phenotypes, S25 was estimated to 187 decrease pollen fertility of the F1 hybrid plants by ~18%. This observation indicated that 188 heterozygous S25 maintained its activity and significantly reduced pollen fertility in the 189 first-generation of hybrid progeny. Furthermore, taken with the S25 inactivity in the 190 IR24 genetic background (Fig. 1B) , these findings suggested that a partially dominant 191 suppressor gene(s) or both a partially dominant and a recessive suppressor gene(s) for 192 S25 should be present in the IR24 genome. No significant differences in seed fertility 193 between Asominori/IR24 F1 and the S25-homozyogous F1 (Asominori/IAS73) were 194 observed (Fig. 3) , indicating that S25 has little to no effect on seed setting in the 195 first-generation of hybrid progeny. Importantly, Tsunematsu et al. (1996) In this region, two tandem gene copies encoding a cytochrome P450 were found (Fig. 2) . 231
Members of the cytochrome P450 protein family are required for pollen exine formation 232 in Brassica (Yi et al., 2010 ) and function as male sterility genes in maize (Djukanovic et 233 al., 2013) . It is possible that more than one gene causing male sterility resides in the S25 234 candidate region because such a recombination cold spot tends to accumulate genetic 235 mutations and form adaptive gene complexes (Lowry and Willis, 2010) . In plants, three 236 sets of hybrid male sterility genes (Sa, S27/S28, and DPL1/2) have been isolated (Long 237 et al., 2008; Mizuta et al., 2010; Yamagata et al., 2010) . As the S25 candidate region did 238 not contain homologs or members of the same protein families as these characterized 239 hybrid male sterility genes, isolation of the S25 gene should provide new insights into 240 mechanisms for hybrid male sterility in plants. 241
In our previous study, no difference was observed in pollen fertility between the 242 reciprocal F1 hybrids of Asominori and IR24 (Kubo et al. 2008 ). This result suggested 243 that nuclear but not cytoplasmic genes are responsible for their F1 pollen sterility. In this 244 study, we found that the S25 phenotype was modulated by the genetic background. S25 245 was inactivated in the indica genetic background, whereas the S25 activity was retained 246 but slightly weaken in heterozygous F1 hybrids (Figs. 1 and 3) . Consequently, we 247 concluded that there could be at least one partially dominant suppressor gene in the 248 large-scale hybrid rice commercialization, but this success is limited largely to certain 280 compatible rice cultivars. We must unveil the molecular mechanisms for hybrid sterility 281 as a next step toward expanding the genetic variation of hybrid rice parents. Despite the 282 large number of hybrid sterility genes reported in rice, little is known about the 283 individual genes and how each gene contributes to fertility in the first generation of 284 hybrid offspring. Taking the S24 locus as an example, a heterozygous S24 is expected to 285 have no effect on pollen fertility in the F1 hybrid due to inactivation by its dominant 286 suppressor Efs (Fig. 4) (Kubo et al., 2011) . Such a dominant suppressor gene is useful 287 for a cross breeding program and for hybrid rice breeding to overcome hybrid sterility. 288
Through a comparison of the F1 hybrid phenotypes of Asominori/IAS73 and 289
Asominori/IR24, we estimated the phenotypic effect of S25 in the heterozygous F1 290 hybrid. The results from this experiment showed that S25 has a moderate but significant 291 effect (~18%) on pollen sterility in the first generation of the Asominori/IR24 hybrids. 292
This result was substantiated by the segregation distortion at the S25 locus in RILs of 293 Asominori/IR24 (Tsunematsu et al., 1996) , and in the F2 and RILs of Nipponbare/93-11 294 (Huang et al., 2009; Zhang et al., 2011) . In the RILs of Asominori/IR24, however, the 295 japonica homozygotes segregated at a frequency of 14.7% (expected 50%) (Tsunematsu 296 et al., 1996) , a level higher than the 0-0.5% frequency in the japonica background 297 population in this study (Table 1) . Some recovery in the frequency of the japonica 298 alleles for S25 offers supportive evidence for the presence of a partially dominant 299 suppressor. Another locus, S35, has been shown to partially contribute to pollen sterility 300 in F1 hybrids between Asominori and IR24 (Kubo et al., 2016b) . Taken together, the 301 semi-sterility of F1 pollen seen in Asominori and IR24 seem most likely to result from 302 the cumulative effect of two genes, S25 and S35 (Fig. 4) . 
